In the present study, two types of nine-recess hybrid journal bearings (HJBs) with different recess geometries, i.e., the Young Leaf Mark and the square, were operated at a rotational speed of up to 67,000 rpm using the cryogenic journal bearing test apparatus at JAXA to clarify influences of the journal rotating direction on the cryogenic HJB. Liquid nitrogen was supplied to the test bearings with a pressure of up to 4 MPa. The test bearings were 60 mm in diameter and 25 mm in width, with a 0.055 mm clearance and a recess area ratio of 0.186. Based on the experimental results the dependence of the rotor vibration on the rotational speed was confirmed to be affected by the journal rotating direction. The test HJBs with the positive sweepback angle of the recess leading edge showed the smallest rotor vibration in the high-rotational-speed operation where the hydrodynamic effect was predominant.
Introduction
The lifetime of a rocket engine depends mainly on the durability of bearings and seals in a cryogenic turbopump. Almost all cryogenic turbopumps of rocket engines have a rotor system supported by self-lubricating ball bearings operated in liquid hydrogen or liquid oxygen. Since a differential slip and Hertz stress act in the rolling contact area between a ball and a race, it is difficult to avoid the lifetime shortening wear of material inside the contact area. Moreover, the polytetrafluoroethylene (PTFE) solid lubricant film on the contact area has a limitation of the SV value, which is the value of Hertz stress (S) times the differential slip speed (V), to maintain a good lubricating condition in the cryogenic fluid [1] . Therefore, the rotational speed of the cryogenic turbopump must be restricted to avoid critical damage such as seizing. A hybrid journal bearing (HJB) is a fluid-film journal bearing with characteristics of both hydrostatic and hydrodynamic bearings. The main advantage of HJBs are small design size, good load capacity, a quasi-unlimited life (no observed wear), and the use of process fluid for lubrication [2] . By replacement of the self-lubricating ball bearings in the cryogenic turbopumps by HJBs, a significantly higher lifetime can be obtained and the inherent limitation of the rotational speed of the turbopumps can be widely extended in cryogenic rocket engines for future reusable launch vehicles (RLVs), where the lifetime of mechanical components is a critical issue. Although many experimental studies on HJBs have been carried out to develop high performance HJBs for cryogenic turbopumps [3] [4] [5] , it has not yet been completely realized. Therefore, detailed reference data based on the experimental results will be required to develop the high performance cryogenic HJBs.
In previous studies [6, 7] , three types of cryogenic HJBs with different recess configurations were examined using liquid nitrogen to investigate the influences of the recess geometry on the cryogenic HJB performance. The experimental results indicated that the rotor vibration of the HJB with a Young Leaf Mark recess (Type C) was more stable than that with a square recess (Type B) when the rotational speed was more than 60,000 rpm. Therefore, the HJB of Type C was operated at a rotational speed of up to 75,000 rpm. As a result, hard contact between the bearing surface and journal surface occurred when the HJB was operated at a rotational speed of over 74,000 rpm. However, the experimental results obtained after the damage confirmed that the HJB surface damage had relatively little effect on its performance.
In the present study, a nine-recess HJB (Type C) having a Young Leaf Mark recess, the configuration of which is asymmetry in the journal rotating direction, was operated at a rotational speed of up to 67,000 rpm under two types of the journal rotating condition, i.e., a counterclockwise journal rotation (Type Ca = Type C) and a clockwise journal rotation (Type D), as shown in Fig. 1 , to develop a more stable HJB at the rotational speed of over 60,000 rpm. Based on the experimental results, the influences of the journal rotating direction on the performance of the cryogenic HJB are herein discussed.
Experimental procedure

Hybrid journal bearing
Two types of orifice compensated nine-recess hybrid journal bearings (HJBs) with different recess geometries, i.e., the Young Leaf Mark and the square, were designed and manufactured to operate at a rotational speed of up to 120,000 rpm in cryogenic fluid. Figure 1 shows a schematic of the Young Leaf Mark recess and photographs of the inner surfaces of the test HJBs, the geometry parameters of which are listed in Table 1 . The HJBs and the journal were made of the Inconel 718. The bearing inner surface was coated with Ag plate with a thickness of 0.2 mm and the journal surface was coated Figure 2 shows a schematic of the test apparatus. The rotor, supported by a pair of the test HJBs, was driven by a gas turbine. A vertical radial load was applied to the rotor through a hydrostatic loader installed between the test HJBs. To investigate the static and dynamic characteristics of the test HJBs, horizontal and vertical displacements of the rotor center induced by the change of the radial load were measured at the position of the loader under steady rotating conditions. The axial load of the rotor was supported by a self-lubricated ball bearing installed at the anti-turbine-side. Since pressurized working fluid was supplied to the clearance between the ball bearing outer race and the casing, the bearing did not work as a ball bearing under high-speed operating conditions. In the present study, liquid nitrogen (LN 2 ) was supplied to the test HJBs with a pressure of up to 4 MPa to achieve a safe, easy operation. The main test conditions are listed in Table 2 . The test conditions such as LN 2 supply pressure were established to operate the test HJBs at over 60,000 rpm based on the previous studies [6, 7] . The static pressure and the fluid temperature were measured at major points in the test HJBs and the apparatus. The pressure fluctuation in the recess was also measured by a piezoelectric pressure sensor. Volumetric flow rates of LN 2 were measured by turbine flowmeters installed in the supply lines leading to the test HJBs.
Influences of journal rotating direction
Three test series were carried out in the present study. The hours of operation for each test series are summarized in Table 3 . An example of the state and properties of liquid nitrogen obtained for the HJB-A of Type Ca is listed in Table 4 . The liquid nitrogen is found to be in the saturated condition downstream of the test HJB. The standard deviations of the measured static pressure and temperature were less than 1% of their average values under the constant rotating condition. Firstly, the influences of the journal rotating direction on the performance of the HJB having a Young Leaf Mark recess, are described 3.1. Static characteristics Figure 3 shows the relationships between the recess pressure ratio (PR = P R /P 1 ) and the rotational speed obtained for counterclockwise journal rotation (Type Ca) and clockwise journal rotation (Type D), as shown in Fig. 1 . Each solid line represents the fitting curve. In the high-rotational-speed operation where the hydrodynamic effect is predominant, the value of PR for the clockwise rotation was higher than that for the counterclockwise rotation, which indicates that the flow conditions in the bearing clearance were affected by the journal rotating direction.
The flow coefficient (C f ) defined by Eq. (1) is introduced to evaluate the flow conditions in the bearing clearance.
Here, ρ sat is the saturated density of LN 2 at the recess temperature. Thus, the flow coefficient expresses the ratio of the flow speed at the outlet of the bearing clearance based on the measured volumetric flow rate (Q) to the flow speed of saturated LN 2 calculated from P R . Figure 4 shows the relationships between the flow coefficient (C f ) and the rotational speed obtained for Type Ca and Type D. Each solid line represents the fitting curve. Since cavitating flow of LN 2 occurred in the bearing clearance, the flow coefficient showed a considerably low value of about 0.45, even at the static condition. The difference between the flow coefficients for Type Ca and Type D is not so clear as that of the recess pressure ratios because the value of C f was compensated by the recess pressure.
Dynamic characteristics
Influences of the sudden change of the vertical radial load on rotor instability were investigated under steady operating conditions. Figure 5 shows typical rotor center trajectories which were obtained from the horizontal and vertical displacements of the rotor measured before and after the sudden change of the vertical radial load. As shown in Fig. 5 , the journal rotates in the clockwise direction where the value of θ decreases. Figure 6 shows values of PR obtained at three recesses in Type Ca near the minimum bearing clearance under the high-load and low-load conditions. The values of PR obtained for Type D are also shown in Fig. 7 . Since the HJB-A differed from the HJB-B in their rotor overhang and downstream conditions shown in Fig. 2 , the values of PR in the HJB-A were not precisely coincident with those in the HJB-B. However, both of the HJB-A and B may be considered to have a similar pressure distribution in the bearing clearance. According to the theory of fluid film lubrication, the minimum clearance (C min ) is considered to be located upstream of the recess having the minimum value of PR in the HJB. Further, the attitude angle is thought to be less than 90 deg.. Therefore, Figs. 6 and 7 show that the minimum bearing clearance in the test HJB was located at about θ = 190 deg. independent of the HJB type and the rotational speed, which indicates that the journal eccentricity ratio was a small value in any test HJB.
From a rotordynamics viewpoint, bearing performance is determined by stiffness (k) 
where the ii and jj subscripts indicate direct coefficients, and the ij, ji subscripts represent cross-coupled force coefficients. In the present study, Eq. (2) was applied to two static equilibrium positions induced by an increment of the vertical radial load (ΔL), as shown in Fig. 8 . The damping and inertia forces are supposed to maintain constant values for the static equilibrium positions because the rotor radial displacement induced by ΔL was much smaller than the 
where k d = k xx = k yy and k c = −k xy = k yx . Figure 8 shows the relationships between the stiffness coefficients (k d and k c ) and the rotational speed obtained for Type Ca and Type D. Since the value of ΔL was not completely controlled and the rotor radial displacement induced by ΔL was small, data scatter seemed to be relatively large. Therefore, their fitting curves are also shown in Fig. 8 
( 4 ) Figure 9 shows the relationships between the dimensionless stiffness coefficients (K d and K c ) and the rotational speed obtained for Type Ca and Type D. Each solid line represents the fitting curve of K d and each dashed line is the fitting curve of K c . When the rotational speed exceeds about 55,000 rpm, the values of K c for both types tend to increase with increasing rotational speed, which indicates that the hydrodynamic effect was predominant in the bearing clearance under the high-rotational-speed operation independent of the journal rotating direction.
Horizontal and vertical amplitudes (ΔH and ΔV) of the rotor vibration obtained from the rotor center trajectory are plotted against the rotational speed in Fig.  10 . Each solid line represents the fitting curve of ΔH and each dashed line is the fitting curve of ΔV. The rotor vibration of Type Ca was larger than that of Type D in the high-rotational-speed operation where the hydrodynamic effect is predominant, which indicates that the dependence of the rotor vibration on the rotational speed was affected by the journal rotating direction. Figure 11 shows typical rotor center trajectories measured at a sampling rate of 50 kHz in the high-rotational-speed operations. Figure 11(a) shows the rotor center trajectories of Type Ca obtained for 40 ms at a rotational speed of about 63,000 rpm. The upper-right trajectory in Fig. 11(a) was measured under low-radial-load conditions and the lower-left trajectory was measured under high-radial-load conditions, as shown in Fig. 5 . The radial load difference between them was about ΔL = 524 N. Figure 11(b) shows the rotor center trajectories of Type D obtained at a rotational speed of about 62,000 rpm. The difference of the radial load was about ΔL = 515 N. The rotor center trajectory appears to be a polygon independent of the radial load difference, which indicates that the rotor vibration contains a synchronous component and some high-order synchronous components. 
Effect of the sweepback angle of the recess leading
edge on rotor vibrations
Another nine-recess HJB with different recess geometry, i.e., square recess (Type Ba) shown in Fig. 1 , was also tested using the apparatus shown in Fig. 2 . The HJB with the square recess has the same geometry parameters of the HJB with the Young Leaf Mark recess shown in Table 1 The average values of ΔH and ΔV obtained for over 60,000 rpm are plotted against the sweepback angle of the recess leading edge in Fig. 14. An error bar of the average represents the standard deviation (±σ), and the average rotational speed of each type is about N = 64,000 rpm, respectively. Each line represents the fitting curve. The amplitudes of rotor vibration obtained for N > 60,000 rpm are found to decrease monotonically with the increase ins, which indicates that the rotor vibration depends strongly on the sweepback angle of the recess leading edge in the high-rotational-speed operation. Since a source flow from the recess interferes with the rotating flow induced by the journal rotation in the bearing clearance, a minus value of θ s is considered to cause a stronger disturbance flow than that of a positive value of θ s  in the high-rotational-speed operation where the hydrodynamic effect is predominant. This may be one of the main reasons why the dependence of the rotor vibration on the rotational speed was affected by the journal rotating direction, i.e., the sweepback angle of the recess leading edge.
As mentioned above, the rotor vibration contains a synchronous component and some high-order synchronous components. Figure 15 shows a typical frequency analysis of the rotor vibrations in the horizontal direction obtained at about N = 67,000 rpm for Type Ca. The first synchronous (ω), second synchronous (2ω) and third synchronous (3ω) components appear in the spectrum. Since about 2.8 kHz component always appears independent of the rotational speed, it is supposed to be the noise due to the measurement system. Furthermore, the subsynchronous one, the frequency (0.41ω of which is about 41% of the first synchronous one (ω), appears in the spectrum. In general, a rotor whirling motion may be considered to be the subsynchronous one in the high-rotational-speed operation. Therefore, let us focus on the subsynchronous component of the rotor vibration. Figure 16 shows frequency analysis of the rotor vibrations in the horizontal direction obtained for Type Ca and Type D. The subsynchronous component (0.41ω appeared in the spectrum when the rotational speed was over the 1st critical speed, which may indicates that a rotor whirling motion occurred. The 0.41ω component of Type Ca is larger than that of Type D in the high-rotational-speed operation. Dimensionless differences of power spectrum between the ω and 0.41ω components of the rotor vibration in the horizontal and vertical directions (ΔI H , ΔI V ) defined by Eq. (5) are introduced to evaluate the relative intensity of the 0.41ω component,
where I ω and I 0.41ω are the power spectrums of the  and 0.41ω components of the rotor vibration. Figure 17 shows the relationships between the amplitudes of the rotor vibration and the values of ΔI H and ΔI V obtained for N > 60,000 rpm. Each solid line represents the fitting curve. The test HJBs of different types do not always show the same value of the amplitude even if they have the same value of ΔI H or ΔI V , as shown in Fig. 17 . Therefore, the amplitude of the rotor vibration is considered to depend not only on the relative intensity of the 0.41ω component. However, the amplitude tends to decrease with the increase in its ΔI, i.e., the decrease of the relative intensity of the 0.41ω component, in the high-rotational-speed operation for HJBs of the same type. The pressure fluctuation in the recess was measured at a sampling rate of 50 kHz. Figure 18 shows frequency analysis of the pressure fluctuation obtained in the recess located at θ = 240 deg. for the HJB-B of Type Ca. Comparison between Fig. 18(a) and (b) indicates that the 0.41ω component appeared in the pressure fluctuation measured at the recess in the high-rotational-speed operation. Since 60 nHz (n = 1, 2, 3 … ) components appeared in the spectrum independent of the rotational speed, they were supposed to be noises due to the measurement system. However, the detailed relationship between the 0.41ω component of the rotor vibration and that of the pressure fluctuation has not yet been clarified. Therefore, it will be necessary to clarify the detailed flow condition in the bearing clearance based on the flow visualization experiments.
Conclusions
Two types of nine-recess hybrid journal bearings (HJBs) with different recess geometries, i.e., the Young Leaf Mark and the square, were operated at a rotational speed of up to 67,000 rpm using liquid nitrogen as the working fluid in order to clarify the influences of the journal rotating direction on performance of the cryogenic HJBs. Based on the experimental results, the dependence of the rotor vibration on the rotational speed was confirmed to be affected by the journal rotating direction. The test HJBs with the positive sweepback angle of the recess leading edge showed the smallest rotor vibration in the high-rotational-speed operation where the hydrodynamic effect was predominant. Therefore, it may be considered that the influences of the journal rotating direction on the test HJB were caused mainly by the effect of the sweepback angle of the recess leading edge on the flow condition. 
